Purpose Spanish Pyrenean reservoirs are under pressure from high sediment yields in their contributing catchments. Sediment fingerprinting approaches offer the potential to quantify the contribution of different sediment sources, evaluate catchment erosion dynamics and develop management plans to tackle, among other problems, reservoir siltation. Within this context, the objective of this study was to assess catchment source contribution changes both over a longitudinal river reach and to a reservoir delta deposit to improve our understanding of sediment supply dynamics. Materials and methods The catchment of the Isábena River (445 km 2 ), located in the central Spanish Pyrenees, is an agroforest catchment supplying sediments, together with the Ésera River, to the Barasona reservoir at an annual rate of 350 t km 2 with implications for reservoir longevity. The ability to discriminate between agricultural, forest, subsoil and scrubland sources based on geochemical, radionuclide and magnetic susceptibility fingerprint properties analysed in the <63-μm sediment fraction was investigated by conducting statistical tests to select an optimum composite fingerprint. The contributions of sediment sources for channel bed and delta sediments were assessed by applying a new data processing methodology which was written in the C programming language and designed to test the entire parameter space, providing a detailed description of the optimal solution by a Monte Carlo method. Results and discussion The solution for each sample was characterised by the mean value of the user-defined solutions (n=100) and the lower goodness of fit value was applied. The solutions from the mixing model had goodness of fit values >82 %. The channel bed sediments in the upper reach were dominated by subsoil sources (>80 %), and the lower reaches had a higher proportion of sediment coming from the agricultural source (>55 %). Contributions for delta sediments were dominated by agricultural, forest and subsoil sources but in varying proportions within the deposit. The switch in the sources of sediment between the headwaters and the catchment outlet was due to differences in the distribution of the land uses/ land covers in the contributing areas. Differences between channel bed sediment and delta sediment source contributions were related to local sediment deposition conditions. Conclusions The new unmixing approach is able to provide the optimal solution by a robust and integral Monte Carlo method guaranteeing a broader interpretation of the optimal solution including its dispersion in all unmixing cases. The results support the use of sediment fingerprinting approaches in this Spanish Pyrenees mountain catchment, which will enable us to better understand catchment sediment delivery to an important water supply reservoir.
terms of soil degradation, reduced crop productivity, problems of food security and destruction of an essentially nonrenewable resource (e.g. Wischmeier and Smith 1978; Evans and Boardman 1994; Lal 1998; Minella et al. 2008) . These effects are often termed on-site impacts. Increasingly, attention has also been directed to the equally important, and perhaps even more significant, off-site impacts. These include a wide spectrum of potential impacts, which range from reservoir siltation to the role of sediment as a diffuse source pollutant (e.g. Waters 1995; Wood and Armitage 1997, 1999; Acornley and Sear 1999; Walling et al. 2003; Minella et al. 2008) . Sediment has a variety of roles and impacts and its regulation and management are complex. In this context, reservoir siltation presents a critical off-site problem derived from soil erosion and sediment delivery within the Mediterranean environment (Navas et al. 2004) , and its effects can be economically and societally serious in terms of both water and energy security. Reservoir siltation is a concern for most reservoirs in the Mediterranean region but particularly for those in mountainous areas, where high erosion rates rapidly reduce the storage capacity of reservoirs (Navas et al. 2011) .
In mountainous environments, the problems associated with sedimentation are exacerbated by the fact that the bulk of the sediment is exported within very short periods, after violent storms or during the annual snowmelt (Meybeck et al. 2003) . Mano et al. (2009) showed that 40-80 % of the annual flux of suspended sediment occurred within 2 % of the time in four Alpine catchments. Major erosion events need to be anticipated-e.g. by improving reservoir management-or even controlled in upstream reaches and hillslopes to prevent downstream problems (Evrard et al. 2011) . Hence, information on water-induced soil erosion and sediment export in mountain areas is essential in order to implement management practices designed to prevent reservoir siltation (Molino et al. 2007) .
Traditional methods of sediment provenance assessment (e.g. erosion mapping, surveying using profilometers or erosion pins, erosion vulnerability indices or erosion plots) are commonly constrained by problems of representativeness and high costs, limiting the spatial coverage and monitoring duration of many methods (Peart and Walling 1986; Collins and Walling 2004 ). An efficient and direct way to determine the sediment sources within a catchment is by adopting sediment fingerprinting techniques. Thus, sediment fingerprinting investigations have expanded and developed greatly over the past three decades (e.g. Davis and Fox 2009; Collins et al. 2010a, b; Mukundan et al. 2012; Koiter et al. 2013; Smith and Blake 2014) in response to a growing need for information on sediment sources and to technological advances which facilitate such work (Walling 2013) . However, source fingerprinting techniques continue to be most widely applied in agricultural and forest catchments (e.g. Owens et al. 2000; Collins et al. 2010b; Martínez-Carreras et al. 2010a, b, c; Blake et al. 2012; Schuller et al. 2013) , and application in mountainous catchments is limited (Evrard et al. 2011) . Sediment fingerprinting usually employs a combination of natural sediment properties as tracers ('fingerprints') collected from both potential source areas and sediment samples that commonly represent mixtures of sources (Walling 2005) . It is founded upon two principal assumptions: (1) that the selected fingerprints maintain their properties during sediment mobilisation and transportation processes allowing discrimination of potential sources and (2) that comparison of source and sediment material using these fingerprints permits determination of relative source contributions (Collins and Walling 2004) . Thereby, sources are commonly defined either spatially (e.g. tributary sub-catchments, geological sub-areas) or typologically (e.g. land use types, surface vs. sub-surface sources) (Collins and Walling 2002) . Investigations have shown that a range of characteristic soil properties can be used as fingerprints to trace back the sources of river sediments, including mineral magnetism (e.g. Yu and Oldfield 1989; Walden et al. 1997) , colour (e.g. Grimshaw and Lewin 1980; Krein et al. 2003; Martínez-Carreras et al. 2010a, b, c) , geochemical composition (Olley and Caitcheon 2000; Haddadchi et al. 2014) , environmental radionuclides (e.g. Motha et al. 2003; Minella et al. 2008; Navratil et al. 2012; Owens et al. 2012 ) and, more recently, compound-specific stable isotopes (CSSIs) (Gibbs 2008; Blake et al. 2012; Hancock and Revill 2013) . The use of composite fingerprints, employing several diagnostic properties, has proven to be reliable (e.g. Collins et al. 1997 ). However, due to the wide range of potential controls on sediment properties, there is no universal recommendation on which properties to include, making parameter retrieval and data exploration often time-consuming and costly (e.g. Collins and Walling 2002) .
Sediment fingerprinting studies often rely on the collection of suspended sediment from different flood events or varying times within a flood (Mizugaki et al. 2008; Devereux et al. 2010; Mukundan et al. 2010; Navratil et al. 2012; Smith and Blake 2014) . However, a spatially distributed monitoring network for suspended sediments is difficult to set up and very expensive to have in each river catchment. Fingerprinting studies have also been successfully applied to river bed sediments (Olley and Caitcheon 2000; Dirszowsky 2004; Hughes et al. 2009; Evrard et al. 2011; Schuller et al. 2013) , wherein it should be noted that sediment storage dynamics are an important consideration.
In this study, we aim to apply a fine sediment source fingerprinting procedure to discriminate land use/land cover sources in the Isábena River catchment (Spanish Pyrenees) that are hypothesised to contribute to the infilling of the Barasona reservoir by fine sediment. In this context, we analysed grain size fractions, organic carbon content, mass activities of environmental radionuclides, magnetic susceptibility and geochemistry to investigate the ability of the obtained fingerprints for discriminating between cultivated, forest, scrubland and subsoil sources. The obtained optimum composite fingerprint was used to apply a mixing model to evaluate source contributions for sediment deposited in channel beds and in a terminal delta at the outflow of the Isábena River into the reservoir. As the optimization process used to solve the mixing model is considered a stage of critical importance, this was implemented by a new Monte Carlo method designed to test the entire parameter space providing a detailed description of the optimal solution. The specific objectives were (i) to identify the physical and chemical basis for source discrimination by tracer properties selected using the fingerprinting procedure and (ii) to assess source contributions for sediment samples collected from the channel beds and a reservoir delta deposit.
Material and methods

Study area
The Isábena River, located in the central Spanish Pyrenees, is the main tributary of the Ésera River, and both are the main contributing rivers to the Barasona reservoir, which supplies water to agricultural lowlands (Fig. 1) . The reservoir has suffered from siltation since its construction in 1932 with implications for reservoir management (Navas et al. 1998; ValeroGarcés et al. 1999) . A bathymetric survey carried out in 1995 indicated that during 65 years the reservoir had lost about one third of its initial water storage capacity. During this period, it had been receiving from its contributing drainage catchment (1509 km 2 ) a specific sediment yield of 350 t km −2 year −1 (Avendaño-Salas et al. 1997) . Previous studies on sediment production and yields in the Barasona reservoir catchment revealed that the Isábena River catchment, with a surface area of 445 km 2 , contributes around 30 % of the sediment yield to the Barasona reservoir (Alatorre et al. 2010; . Moreover, the Isábena River catchment, which represents one third of the Barasona catchment, contributes a specific sediment yield of~460 t km
, indicating the need for targeted erosion management (López-Tarazón et al. 2009 Alatorre et al. 2010; .
The Isábena catchment is characterised by heterogeneous relief, vegetation and soil characteristics. Elevation varies from 450 m a.s.l. at the confluence with the Ésera River to more than 2700 m a.s.l. at the headwater. The headwater of the catchment mostly comprises Triassic and Cretaceous materials, with a predominance of Cretaceous limestones that are partially karstified and have developed deep and narrow gorges. In the intermediate part of the catchment, there are more erodible materials such as Eocene marls that comprise depressions in which badlands are developed. Although badland areas represent <1 % of the catchment, they constitute an important source of sediment (Alatorre and Beguería 2009; Alatorre et al. 2010; López-Tarazón et al. 2012; . In the lower part, a relative lowland area, Tertiary detrital sedimentary rocks (clays, sandstones and conglomerates) are predominant (Fig. 2) .
Climatically, the catchment belongs to the Mediterranean domain (López-Tarazón et al. 2012 ). Temperature and precipitation gradients are observed for both north-south and westeast regions according to the relief and climate influences of the Atlantic Ocean and Mediterranean Sea. The topographic heterogeneity of the region partly explains the great spatial variability in annual precipitation, which ranges from 450 mm at the outlet to 1600 mm at the headwater (Verdú et al. 2006a) . Mean annual precipitation in the catchment is 767 mm, with seasonal maxima in spring and autumn (López-Tarazón et al. 2009 ). Temperatures are mainly dictated by the altitudinal gradient, and the temperature gradient has been estimated to be~−5°C km −1 (e.g. García-Ruiz et al.
2001
). As a result, the mean annual temperature ranges from 12.5°C at the outlet (424 m a.s.l.) to 10°C in the northern part. From a geomorphologic point of view, active incision/ accretion processes have not been observed in the main reach during the last 10 years, so the more contemporary active geomorphologic processes are mass movements and, especially, water erosion on slopes and badlands (Verdú et al. 2006b ).
The hydrologic regime of the study area is transitional nival-pluvial characterised by two maxima (García-Ruiz et al. 2001) : the spring period (April-June) due to snowmelt and the late autumn (October-November) due to precipitation. Floods are caused by different mechanisms: late spring-early summer snow melt and heavy rains, summer thunderstorms and late autumn heavy rains.
In general, the soils of the catchment are stony and alkaline, overlying fractured bedrock with textures from loam to sandy loam. Soils are, in general, shallow (<0.6 m) and well drained with limited average water content and moderate to low structural stability.
The distribution of land uses in the Isábena catchment reflects its intrinsic climatic and topographic variability which also varies from north to south, with grassland and scrubland predominating in the highlands, forests in the ranges and cultivated land in the more gentle southern areas (Fig. 1) . The main land uses and land covers in the catchment are forests and pastures that occupy >50 %, followed by scrublands >10 % and cultivated land that occupies <20 % (Table 1 and Fig. 2 ). Climax vegetation of the central and lower parts of the catchment is forests of Quercus ilex ballota with Pinus halepensis in sunny areas and woodland of Quercus faginea in the shady areas. In the northern part, the climax vegetation is forests of Pinus sylvestris and Pinus uncinata. The main cultivation management practices in the catchment are annual cultivation of rain-fed cereals (barley, wheat and sunflowers), with conservation tillage, in combination with traditional tillage and 'set-aside' (ley) rotations. Important changes in land use occurred during the last 60 years in the Spanish Pyrenean region, resulting in substantial land abandonment that has affected most parts of the agricultural areas, triggering the subsequent process of natural reforestation (García-Ruiz and Valero-Garcés 1998).
Sample collection
To characterise the signatures of source materials, representative sites were selected by a non-aligned random spatial sampling method as implemented in the open-source R package (spsample function on the sp library). This method generates a random sample while preserving an even spatial distribution of points across the study area. Areas above 2000 m a.s.l. and with >30 % slope gradient were excluded from the sampling. This exclusion was because these areas comprise massive rock outcrops with very little soil development and vertical slopes; therefore, they do not constitute important sediment sources. In addition, distribution of the representative sites was checked and balanced to align with Fig. 1 Location of the Isábena catchment in the Iberia Peninsula and within the Barasona catchment, digital elevation model (DEM), distribution of land uses/land covers and sampling points the percentage distribution of land uses/land covers in the catchment. Samples from the representative sites were taken in areas where there is high potential sediment yield connectivity from hillslope to channel and relative easy access. Part of the upper middle catchment was not sampled due to the above-mentioned exclusion and because its inaccessibility through the gorges and molasses developed in Cretaceous limestones. Soil and subsoil sources and sediment samples were collected and strategically combined in the field to create composite samples representative of the source areas.
A total of 144 individual soil samples, 4 samples per sampling point, were collected by using a cylindrical core 5 cm long and 6 cm diameter and combined in the field to form 36 composite samples (31 surface and 5 subsoil). The depth of sampling interval was selected because of the stoniness and high surface soil roughness in the study soils. Of the soil samples, 18 were from forest, 9 from agricultural fields and 4 from scrubland. Subsoil source samples comprised three composite samples from badlands in Eocene marls in the intermediate part of the catchment and another two composite samples were from subsoils in eroded areas on marls. Forest sources included low-density grazing and these two land uses are referred to as 'forest' in the remainder of the paper. Scrubland sources were separated from the forest source as they were thought to correspond with areas where burning practice to produce pastures for livestock had been common in the beginning of the past century. While some source characterisation is limited in the total number of samples, the spatial integration sampling approach improves the representativeness of the resulting data.
Samples of fine reservoir sediments were collected from the delta formed just before the junction of the Isábena River and the Ésera River. Sediment deposition in this delta was thought to be related to periods when the reservoir capacity was full enough to flood this area and stop the inflow of the Isábena River into the Ésera River. These high water levels produce water retention that is likely to create conditions for the deposition of fine sediments similar to that occurring in a delta environment. When the water level decreases, the river incises these fine sediment deposits. Averaged daily level data for the period 2003-2013 of the Barasona reservoir indicate that the period from May to July is when reservoir levels are highest ( Fig. 3 ), which coincides with the spring-snowmelt period. A total of 27 individual samples of surficial fine sediment were collected along the delta following a transect 100 m long from the upper part to the lower part at the junction. Samples were combined in the field to create three composite samples, each made of nine individual samples that were representative of sediment deposited at the upper, middle and low sections of the delta. In addition, exposed channel bed fine sediments were sampled along the Isábena River as they represent material delivered from the upstream catchment, as intermediate targets, linking the catchment to the reservoir (Fig. 1) . Sampling was limited to clearly identifiable depositional zones likely to contain substantial amounts of fine-grained sediment (Horowitz and Stephens 2008) as, in general, the Isábena River flows through blocky or rocky channels. Channel banks are not developed, or they are very local, and therefore, they were not sampled. At each site, a total of six samples were collected along transects of 50 m long and combined to create a composite sample representative of the reach and contributing upstream land use (Table 1) .
Sample analysis
All samples were initially oven-dried to 35°C, gently disaggregated and sieved to <63 μm to isolate a standardised grain size fraction for source and sediment materials (Smith and Blake 2014) . Sample grain size was determined using a laser diffraction particle size analyser (Beckman Coulter LS 13 320, Miami, USA). Prior to grain size analysis, organic matter was eliminated with an H 2 O 2 (10 %) digest heated to 80°C. Samples were disaggregated with sodium hexametaphosphate (40 %), stirred for 2 h and dispersed with an ultrasound for 1 min. Soil organic carbon content was analysed using finely ground subsamples with a dry combustion method using a LECO RC-612 (St. Joseph, USA) multiphase carbon analyser designed to differentiate forms of carbon by oxidation temperature.
Mass-specific magnetic susceptibility (χ) was measured using a Bartington Instruments dual-frequency MS2B sensor (Witney, UK) at low and high frequency to determine frequency dependence of susceptibility (χ FD ). Mass-specific magnetic susceptibility at low (χ LF ) frequency was expressed as 10
. The analysis of the total elemental composition was carried out after total acid digestion with HF (48 %) in a microwave oven (Navas and Machín 2002) . Samples were analysed for the following 28 elements: Li, K, Na (alkaline), Be, Mg, Ca, Sr (light metals), Cr, Cu, Mn, Fe, Al, Zn, Ni, Co, Cd, Tl, Bi, V, Ti and Pb (heavy metals), B, Sb, As (metalloids) and P, S, Mo and Se. Analyses were performed in triplicate by inductively coupled plasma atomic emission spectrometry with a Perkin Elmer OPTIMA 3200 DV ICP-AES (Waltham, USA) and resulting concentrations expressed in milligrams per kilogram. Those elements returning measurements below the detection limit (Co, Cd and Se) were excluded from the analysis. P was also excluded on the basis of the risk of non-conservative behaviour during downstream transport (Granger et al. 2007 ).
Radionuclide activity concentrations in the soil samples were measured using a Canberra high-resolution, low background, hyperpure germanium coaxial gamma detector model XtRa GX3019 (Meriden, USA). The detector had a relative efficiency of 50 % and a resolution of 1.9 keV (shielded to reduce background) and was calibrated using standard samples that had the same geometry as the measured samples. Subsamples of 50 g were loaded into plastic containers (Navas et al. 2005a, b) . Count times over 24 h provided an analytical precision of~±3-10 % at the 95 % level of confidence. Activities were expressed as becquerel per kilogram dry soil. Pb fallout component Mabit et al. 2014) . Spectrometric measurements were performed a month after the samples were sealed, which ensured a secular equilibrium between 
Sediment fingerprinting procedure and statistical analysis for source discrimination
The standard sediment source fingerprinting procedure is based on: (i) statistical analysis of compositional differences to identify a subset of tracer properties that discriminate the sediment sources followed by (ii) the use of mixing models comprising a set of linear equations for each selected tracer properties to estimate by optimization procedures the proportional contributions from each source to downstream sediment (Yu and Oldfield 1989; Collins et al. 1997; Walden et al. 1997; Blake et al. 2012; Smith and Blake 2014) . Examination of the range of source and sediment tracer concentrations is an important assessment of the conservative behaviour of each tracer property (Martínez-Carreras et al. 2010a; Wilkinson et al. 2012; Smith and Blake 2014) , and tracer properties falling outside the range in source values were removed from subsequent analysis.
Some studies have included tracer dataset pre-treatments to account for differences in particle size, organic matter and conservativeness correction factors (e.g. Collins et al. 1997; Gruszowski et al. 2003; Motha et al. 2003 ) that could affect the comparison of tracer concentrations between sources and sediments. Recent work (Smith and Blake 2014) , however, has shown that the relationships between fingerprint concentrations and correction factors may produce unquantified errors because of their own inherent complexity which makes it difficult to generalise their use. Therefore, it was decided not to incorporate them in this fingerprinting procedure.
The ability of the remaining potential fingerprinting properties to discriminate between the sediment sources was investigated by conducting the nonparametric Kruskal-Wallis H test following Collins and Walling (2002) . Greater intercategory differences generated larger H test statistics. The null hypothesis stating that measurements of fingerprint properties exhibit no significant differences between source categories was rejected as soon as the H test statistics reached the critical threshold of 0.05. However, the H test does not confirm differences between all possible paired combinations of source categories. Therefore, as suggested by Collins and Walling (2002) , stepwise discriminant function analysis (DFA) based on the minimization of Wilks' lambda was used to test the ability of the tracer properties passing the Kruskal-Wallis H test to confirm the existence of inter-category contrast and assess the discriminatory power of those tracer properties, thus determining the optimal group. The DFA selects an optimum composite fingerprint that comprises the minimum number of tracer properties that provide the greatest discrimination between the analysed source materials. The lambda value approaches 0 as the variability within source categories is reduced relative to the variability between categories based on the entry or removal of tracer properties from the analysis.
Mixing model and optimization
The relative contribution of each potential sediment source was assessed by a mixing model using a new data processing methodology to obtain proportional source contributions for the sediment samples. Similar to other approaches (e.g. Evrard et al. 2011) , the procedure seeks to solve the system of linear equations by means of mass balance equations represented by:
While satisfying the following constraints:
where b i is the value of tracer property i (i=1 to n) in the sediment sample, a i,j is the mean concentration of tracer property i in source type j (j=1 to m), x j is the unknown relative weighting contribution of source type j to the sediment sample, m is the number of potential source types and n is the number of tracer properties selected in the previous fingerprinting procedure step by the DFA. The above system of linear equations was solved as an optimization procedure to minimise the objective function or goodness of fit (GOF, based on Motha et al. 2003) , defined by:
x j a i; j
where Δ i is the range of tracer property i in the dataset and which is used to normalise the tracer properties ranges. Special attention was given to the optimization stage, wherein a Monte Carlo method was used in solving the above system of linear equations. This robust technique provided the optimal solution after exploring the entire parameter space. For each mixing sample, a large number of iterations were performed generating random weight values under a uniform distribution which satisfied the mixing model constrains. In addition to the optimal solution, the Monte Carlo method generated a range of possible solutions allowing the solution dispersion to be characterised. The generated solutions were ranked by GOF and the mean weighted source contribution and the standard deviation computed from the 100 solutions that best fitted the source fingerprints. This new data processing procedure, written in the C programming language, was designed to evaluate multiple sediment samples simultaneously and, for each sample, deliver the optimal solution and its dispersion (more details in Palazón et al. 2015) .
Prior to the mixing model analysis for the catchment, the optimal number of iterations in the Monte Carlo method was evaluated. Different numbers of iterations were tested to evaluate convergence of the solution with the conclusion that 10 6 iterations were adequate to explore the entire parameter space. The number of possible solutions considered to the optimal solution was selected as it corresponds with the 0.01 % of the generated iterations. Random numbers were generated from a user-defined seed allowing the model reproducibility to be tested. In this study, the procedure to solve the mixing model for all sediment samples was repeated with different random seeds to check for consistency in the derived solution.
Results
This preliminary fingerprinting approach was based on analysis of contributions from four possible sediment sources: agricultural, forest, subsoil and scrubland. The catchment lowlands were dominated by agriculture, whereas the elevated areas of the northern part of the catchment were largely scrubland. Forest and subsoil sources were dispersed through the whole catchment (Table 1 ). The scrubland source was separated from forest because some elemental tracer properties (e.g. SOC or 137 Cs) were observed to be higher than the equivalent content from the forest source (values in italics, Table 2 ).
Sediment samples were grouped to assess their optimum composite fingerprint and source contributions in two sediment mixing options: channel bed sediment samples (as intermediate/secondary mixing samples) and delta sediment samples (as final catchment mixing samples). Sediment samples were grouped based on their locations in the Isábena River and their deposit characteristics. Sampling points represented sediment accumulations from the contributing catchments (Table 3 and Fig. 2) .
Grain size analysis of the <2-mm size fraction showed an increasing trend in the content of fine fractions (silt and clay) towards downstream sections of the river (Fig. 4) , and the highest clay content was found in the lower reaches, samples CB4 and CB5. For the delta sediments, the content of fine fractions also increased downstream towards the more proximal parts of the delta. Similar fining trends were observed for the <63-μm size fraction of the channel bed and delta sediments (Fig. 4) .
Source fingerprinting discrimination
Prior to undertaking source apportionment procedures, the conservative behaviour of source properties that could potentially be included in the statistically defined optimum fingerprint (Table 2) was considered.
210
Pb ex was excluded as a sediment source fingerprint because sediments deposited in the delta would have contained both 210 Pb ex incorporated into the sediment by direct fallout to the sediments and that associated with sediment eroded from the upstream catchment. In addition, TOC, P and grain size fractions were considered non-conservative properties, and therefore, they were also excluded from the analyses following Granger et al. (2007) and Koiter et al. (2013) .
The comparison of the range in the 30 remaining tracer properties' concentrations for source and sediment samples resulted in the exclusion of different properties under each mixing scenario (Tables 2 and 3 ). For the delta sediments, the comparison of the ranges in tracer properties for sources and sediment samples resulted in the exclusion of S. For the channel bed sediments, 40 K, Li and Ti were excluded. Most of the tracer properties lay wholly within the range of source materials, indicating that alteration effects may have been relatively small (Walden et al. 1997 U, LF, FD, Bi, B, Ca, Fe, Li, Mg, Ni, Sr and Ti as optimum tracer properties to discriminate between the four source types at the 5 % confidence level excluding, for the channel bed sediment, those that failed the range test. From those properties that passed the previous steps, the DFA lead to the selection of four tracer properties that formed the optimum fingerprints for both mixing sediment options: 137 Cs, Bi, Ni and Fe. Clear differences were observed between primary properties that were common to both mixing options (Fig. 5) .
Comparison of tracer properties selected by the statistical procedures for all target sediments indicated a general coherence in the relative differences between sources for mean and median values (Table 2 and Fig. 5 ). Based on Wilks' lambdas of 0.044 and the indication that 97.2 % of sources were correctly classified, it was considered that good source discrimination was achieved (Table 4 ). The first two discriminant functions calculated by a DFA from stepwise selected properties for four source classes are depicted in Fig. 6 . Source soil samples from forest were found to overlap with the m mean, mn median, sd standard deviation, Min minimum, Max maximum, SOC soil organic carbon, LF low-frequency mass-specific magnetic susceptibility, FD magnetic susceptibility frequency dependence agricultural land group explaining why the DFA did not achieve 100 % of correctly classified sources.
Mixing model: source apportionments
The unmixing model used all tracer properties that were selected by the DFA as the optimum source fingerprint to solve the mass balance equation. The apportionment source solutions were defined by the mean, standard deviation and the lower GOF of the extracted combinations. The standard deviation of the best combination allowed us to compare and assess the solution dispersion as large values indicate poor source contribution ascription. SOC soil organic carbon, LF low-frequency mass-specific magnetic susceptibility, FD magnetic susceptibility frequency dependence
The outputs of the mixing model appeared to be stable from different random number seeds supporting the performance of the optimization procedure. In each repeat sample analysis, the solution dispersion associated with the parameter space was within a range of <3 % of its mean value (Table 5) . Mean proportional contributions from agricultural, forest, scrubland and subsoil sources varied between sediment samples. In addition to proportional source contributions, relative source contributions obtained by dividing the source contribution by the source contribution area were weighted to assess how land use changes relate to source contributions over the longitudinal river reach and the delta (Table 5 ). The GOF values were all >82 % with the lower values suggesting some scope for refinement of source characterisation. The outputs of the mixing model for the delta sediments presented GOF values of 90 % but also different source apportionments for each sample. The preliminary results using this new data processing methodology allowed us to simultaneously determine the changes in the source contributions from all parts of the delta deposit. From the upper to the lower part of the delta, there Fig. 4 Distribution of the grain size of sediments in the channel beds and delta sampling points in the Isábena catchment was a decreasing trend in the contribution from agricultural sources and an increase in the contributions from forest, subsoil and scrubland sources. The main apportionment to the upper delta sediment sample D1 comes from agricultural land. For downstream samples (D2 and D3), agricultural source apportionment decreased and contributions from the other sources increased. In relation to relative source contributions, subsoil was a main source for all delta samples.
Channel bed sediment samples presented variable GOF values with the lowest GOF for the headwater sample (sample CB1) and, reassuringly, the lowest predicted model capacity. Assessed source contributions for the channel bed sediments also changed in source apportionment from headwater to downstream samples. For the headwater, the main source contribution was the subsoil that decreased in relative contribution until sample CB3, due to increasing contributions from forest and agricultural sources. Scrubland contributions were not observed downstream of sample CB3. The agricultural source contribution reached a maximum at the intermediate sample CB3 and decreased marginally in the downstream samples closer to the outlet of the catchment. Forest was also predicted to be an important source for sample CB2 (38 %), but limited contributions were predicted for the other channel bed samples. Placing the channel bed sediment apportionment results in a geomorphic context, mixing model results also indicated an important contribution (19 to 89 %) from subsoil sources (eroded areas and badlands) despite its spatial coverage being <4 %. Therefore, apart from samples CB2 and CB3, relative source contribution results supported the importance of subsoil source.
Discussion
The four characterised sources for the fingerprinting analysis reflected well the dominant land uses/land covers in the catchment and the likely related erosion processes. Whereas DFA results indicated good source discrimination, there was some overlap with agricultural and forest soil (Fig. 6 ). This is meaningful in the contest of known catchment history and was most likely due to succession states between former agricultural areas (Brosinsky et al. 2014 ) that are partly reverting to natural forests after land abandonment (Lasanta and Vicente-Serrano 2012) .
Tracer discrimination between sediment sources (Table 2 ) outlined the importance of the fallout radionuclide 137 Cs as an effective sediment source tracer because it accumulated in the surface soil, where it was strongly adsorbed on fine particles, (Wallbrink and Murray 1993; He and Walling 1996) . Depending on the land use, the soil redistribution processes and the rainfall gradient (Navas et al. 2007 ), the 137 Cs values at the topsoil differ greatly depending on land use and erosion processes as well as geochemical diffusion, bioturbation and elluviation processes (Walling 2003; Mabit et al. 2008) . In the present study, differences in 137 Cs content between sources and sediment samples reflected well differences between subsoils, which are affected by intense soil erosion processes, and agricultural lands where 137 Cs is mixed within the plough layer , as well as material from the forest land where the 137 Cs peak appeared at or near the soil surface (Wallbrink et al. 1999; Navas et al. 2014 ). Large differences of Fe content in scrubland, which were double those in other land uses, are likely related to the nature of the substrate as scrubland samples are mainly located on Paleozoic slates and quarzites. Higher Ni contents in subsoil samples might reflect a closer link with the mineral components of the substrate in comparison with the other land uses. In the same way, higher Bi contents in subsoil samples, whereas contents in the other land uses are similar, might indicate a simple relationship with the mineral composition of the substrate due to the contribution of parent geological materials (Navas and Machín 2002) . Moreover, the highest contents of Ni and Bi in sedimentary rocks are related with argillaceous materials (Kabata-Pendias and Pendias 2001) which coincide with the dominant lithology of the substrate in the subsoil sources. The magnetic properties were not found to discriminate the sediment sources in this study. In a previous fingerprinting study by carried out in the headwater of the Barasona catchment, the low-frequency magnetic susceptibility (LF) was selected for the optimum composite fingerprint to discriminate between soil sources. However, this was not the case in the Isábena catchment likely because its predominant lithology comprises sedimentary rocks with more homogeneous values of magnetic susceptibility, which differed from that of soils on metamorphic and igneous rocks existing in the headwater catchment.
Although the lowest predicted model capacity of the proposed mixing model was observed for CB1 in the headwaters, the high subsoil contribution of the assessed sediment samples agreed well with the stable characteristics of the dominant local forest source which is mostly covered by alpine pastures in the Isábena headwaters. This is supported by the absence of a cultivated land source in the upper catchments and the observed high connectivity of eroded subsoil in this area. For the lower downstream channel bed samples, the percentage of catchment surface occupied by forest and subsoil slightly decreased in line with an increase in the relative percentage of agricultural land (Table 1 ). The increase of agricultural inputs to downstream channel bed samples explains the relative decline in the subsoil contribution for lower downstream channel bed sediment samples, i.e. the proportion decreases but mass contribution is likely to remain constant. Sediment load data are required to underpin this. Agricultural source contributions were expected to be greater than assessed for the downstream channel bed sediment samples given the extensive cover of cultivated source area (Table 1 ).
The maximum contribution at sample CB3 is likely to be related to greater connectivity and abundance of farmland slopes at the middle part of the catchment. Low scrubland source contributions assessed for all sediment samples are likely to be due to greater soil stability; this characteristic is provided by high soil organic carbon contents and the effect of dense vegetation cover that limits erosion , although limited connectivity to the stream cannot be excluded as a factor. Soil stability is supported by the highest 137 Cs content in the scrubland source. The notable agricultural sediment contribution to the upper delta sediment sample, D1, is in accord with the observations regarding lower reach stream sediment above. The decrease in the influence of agricultural sources on the lower part of the delta might be due to reservoir water level dynamics related to climatic and hydrological regime conditions in the catchment. When the upper part of the delta is inundated, conditions in the catchment are more conducive to agricultural soil erosion (i.e. wet periods with high antecedent rainfall conditions). When the reservoir is drawn down during dry periods, the incised landscape is more prone to erosion by discrete events compared to agricultural soils. As noted above, while the present study indicates that the source apportionment approach is performing well within this system, the comparison of source proportions alone can be limiting in the absence of sediment load data. Interpretation of these data in the context of a reservoir sediment budget, based on a detailed survey of sediment deposits, is required to take the analysis further.
Subsoil erosion was shown to be an important source of sediment to the Barasona reservoir. Previous research on sediment yields for the Isábena catchment and the region showed that significant amounts of sediment were generated within the tributary drainage sub-catchment where badlands on marls are developed, just upstream of site CB2 (Fig. 2) (Fargas et al. 1997; López-Tarazón et al. 2009; López-Tarazón et al. 2012; Alatorre et al. 2010; . Weighting of mixing model results to relative source contributions showed the importance of the subsoil source over the longitudinal river reach and for the delta deposit pointing to its key role in siltation of the Barasona reservoir. Alatorre et al. (2010) simulated sediment yield from land uses using the WATEM/ SEDEM model for the Barasona catchment obtaining the highest specific sediment yield from the badland areas. The other simulated land uses yielded less than one order of magnitude than the badlands. Recent fingerprinting work in the Isábena catchment based on spectral fingerprinting (Brosinsky et al. 2014) concluded that spectral fingerprints permit the quantification of subsurface source contributions to artificial mixtures. However, in situ-derived source information was found to be insufficient for real-world apportionment, most likely due to differences in soil moisture conditions and grain size contents in the field.
A number of potential limitations should be taken into account when interpreting the findings of this study. Sampling was only undertaken for a single campaign due to available funding and catchment scale and access, limiting the number of samples, which in turn could restrict the applicability of the results. A greater number of samples are recommended for future research on sediment fingerprinting for the catchment to provide more robust statistical analysis. Even so, the fingerprinting results were in accordance with previous studies in the catchment supporting the representative characteristics of the source samples, which were based on spatially integrated samples. Although the source contributions were in accordance with the upstream distributions of the land uses/land covers, subsoil sources that occupy a relatively small surface area in the catchment are one of the main contributors. Previous studies in the catchment identified subsoil as one of the main sediment sources (López-Tarazón et al. 2009; Alatorre et al. 2010; . The bed sediment samples enable the source proportions for the sediment sequestered on the river bed at the time of sampling, rather than for all sediments that might have passed through temporary storage at some point during its delivery through the system (Collins et al. 2013 ). An alternative approach would be to deploy time-integrating traps (e.g. Phillips et al. 2000) for suspended sediment collection, but research has confirmed that bed sediment samples can be used as a surrogate for obtaining representative sediment fingerprinting data (e.g. Horowitz et al. 2012 ). This situation is especially relevant where long-term channel storage is less likely; channel bed sediment may reflect long-term trends in sediment sources, while the suspended sediment samples represent short-term trends. Further research is needed to understand the role of bed sediment and downstream erosion on sediment dynamics within the Isábena catchment. With respect to bed sediment samples, local factors are also likely to influence the character of stored sediment, such as good mixing conditions at the sampling point and local hydraulic conditions prevailing during the flood recession. As other researchers reported (e.g. Salomons and Förstner 1984; Horowitz 1991) , channel bed sediments reflect cumulative additions of chemicals (both sediment-associated and in solution) over time, whereas suspended sediments tend to reflect pulses from specific sources. Results of this first approach could then be usefully compared with the fingerprinting of suspended sediment collected during floods in order to improve the understanding of sediment sources in the Isábena catchment. In mountainous environments, additional factors control the composition of riverbed sediment such as the spatial and temporal rainfall patterns, the sediment source heterogeneity, their connectivity to the river network and their distance from the outlet, the temporal variability of the soil cover by snow and vegetation and the sediment sorting and abrasion dynamics of the coarser sediment fraction along the river network (Evrard et al. 2011 ).
Conclusions
Reservoir siltation represents an important challenge and its effects can be economically and societally serious in terms of both water and energy security. Therefore, sediment fingerprinting studies are needed to increase knowledge on the origin of fine sediment within the contributing area to improve our understanding of sediment dynamics and provide support for sustainable catchment management. In this study, a new approach to solve fine sediment source fingerprinting mixing equations was applied for a mountain river catchment in the central Spanish Pyrenees that feeds a water supply reservoir. The approach generated uniformly distributed random values which guarantees that all possible solutions were equally tested. It is argued that this method can deliver the optimal solution in all unmixing cases, thereby allowing a detailed characterisation of the solution and its dispersion.
Agricultural, forest, subsoil and scrubland sources were discriminated though standard statistical analyses, and an optimum composite fingerprinting was defined. The results of the sediment fingerprinting study for the Isábena reservoir catchment based on delta and channel bed sediment samples demonstrated that there were changes in sediment sources between (i) the headwaters and the outlet of the catchment and (ii) the upper and the lower parts of the delta. For the upper part of the delta deposit, agricultural and connected eroding subsoil dominated as the main contributing sources, while for the lower part of the delta, subsoil and forest sources were more important, and these were linked to reservoir water levels and the susceptibility of different parts of the landscape to erosion during wet and dry periods.
These results have important implications for the mitigation of reservoir siltation in mountainous catchments as they increase knowledge on the origin of the fine sediment that is infilling the reservoir. Reorganisation of land management systems will benefit from this kind of study which aims at improving sustainability of large infrastructures, such as the Barasona reservoir, while providing a framework to support management plans to assist the regional socio-economy.
